ABSTRACT This chapter is mostly a review of the pioneering work of the Philippe Sengel school in Grenoble carried out in the late sixties and the seventies. The questions raised concerning the morphogenesis of feather tracts were approached by means of microsurgery on chick embryos. P. Sengel and his wife M. Kieny had the feeling that proteins synthesized by the neural tube were required for the formation of feather fields. It was my pleasure to carry on the story from the beginning. Although some clarifications concerning this morphogenesis have been contributed by my group and by a few other laboratories interested in this subject, the most important contributions to recent research have been the elucidation of the nature of the required messages, which will be explored further in other papers in this Issue.
Introduction
One of the significant steps during skin morphogenesis in birds and mammals is the establishment of the cutaneous appendage fields, these are initially homogeneous and develop into heterogeneous feather-or hair-bearing fields. In the avian embryo, the different feather tracts, or pterylae, arise sequentially following a dorso-lateral and a latero-ventral morphogenic wave (Fig. 1, and Mayerson and Fallon, 1985) . The way in which the distinct pterylae are laid out is called the macropattern (Sengel, 1976) . In chick, the dorsal trunk feather macropattern is composed of the spinal and scapular pterylae ( Fig. 2A) , while that of the ventral side is comprised of the pectoral and ventral pterylae (Fig. 2B ). Each tract, in addition to its location and time of appearance, is characterized by its contour, the size and number of feathers. In each tract the design formed by the feathers is called the micropattern (Sengel, 1976) . The same distinction between skin macropattern and micropattern occurs for mammals. In mouse, four main types of skin fields can be distinguished. The first hair follicles to develop are those of the tactile hairs or vibrissae. They arise in sequence along five rows on right and left pads formed by upper-lip skin. At a later stage, primary pelage hairs differentiate almost concomitantly and cover most of the body surface. The two last skin fields to differentiate are those of the tail, where pelage hairs are ranged and intermingled with "scales", and the plantar surface, where sparse hairs are present between the foot pads which have sweat glands.
Numerous experiments have been conducted using the technique of heterotopic transplantations (Kieny and Brugal, 1977; Mauger, 1972a and b) and dermal-epidermal heterotopic and heterospecific recombinations (Dhouailly, 1973; Dhouailly, 1977; Dhouailly and Sengel, 1975; Dhouailly, unpublished data on heterospecific mouse/ chick limbs), and these showed that the information relating to the formation of chick and mouse macropattern and micropattern resides first in the mesoderm and then in the dermis.
In chick, the different pterylae are separated by semi-apteria, which are characterized by unorganized and scarce feathers. In the trunk, except for a tiny middorsal featherless region, the only true glabrous area is the midventral apterium, which forms a ribbon on each side of the midventral closure. This apterium is surrounded by the ventral pteryla and is contiguous to the amnion via the umbilical cord. The first morphological indication of the formation of a pteryla as opposed to an apterium, or semi-apterium, is the early densification of the upper part of the predermal mesenchyme to form what is called a dense superficial dermis (2.6 nuclei/1000µm 3 ) (Sengel, 1976; Wessels, 1965) , and the subsequent differentiation of its overlying ectoderm into an epidermis (Wessells, 1965) . This dermal densification occurs by day 6 in the spinal pteryla and the ventral pteryla, but only several days later in the semi-apteria. In the midventral apterium, by contrast, the dermal fibroblasts remain sparse (1.98 nuclei/1000 µm 3 ), and extra-cellular material accumulates (Sengel et al., 1969) .
The superficial dense dermis is redistributed into dermal condensations by day 7 in the dorsal pteryla , with
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these condensations being required for the development of feathers. By contrast, the loose midventral dermis is comparable to adult scar dermis, in the fact that it is unable to induce and to participate to cutaneous appendage morphogenesis (Sengel et al., 1969) .
The questions which arise are: when and how are the different skin fields determined? The first questions that needed to be resolved were, what is the origin of the mesodermal component, the next what are the cellular interactions required for their determination, and finally the elucidation of the molecular nature of the swapped messages. Thirty years ago, these questions were approached by carbon markings, localized X-irradiations, heterotopic transplantations, and by chick/ quail chimeras. The results obtained Mayerson and Fallon (1985) . Diagram by I. Fliniaux.
Fig. 2 (Right)
. Dorsal (A) and ventral (B) skin of 11-day chick embryo. Abbreviations: cp, cervical part of the spinal pteryla; dfp, dorsal part of femoral pteryla; mva, medioventral apterium; pp, pectoral pteryla; sa, semiapterium; scp, scapular pteryla; spp, spinal pteryla; u, umbilical cord; vfp, ventral part of the femoral pteryla; vp, ventral pteryla. Dissections and photographs by A. Mauger (A) and I. Fliniaux (B). Martinez et al., 2000 and 2002) . Recent results (Ben-Yair et al., 2003) , obtained by measurements of cell proliferation, nuclear density, cellular rearrangement and lineage tracing experiments confirm that progenitors of the dorsal dermis reside in the three parts, medial, center and lateral, of the dermomyotome. Somites appear as epithelial structures that bud off from the presomitic mesoderm. Soon after their segmentation they become patterned along the dorsoventral and mediolateral axes. The ventral part forms a mesenchyme called the sclerotome, which is known to give rise to the vertebrae, whereas their dorsal epithelial part, called the dermomyotome, give rise to striated muscles and dermis.
The dorsal dermal cells appear progressively as part of a loose sub-ectodermal mesenchyme that forms between days 3 (E3) and 5 by the P. Sengel's school established the basis on which current research on the signals required for the determination of cutaneous fields is based.
Dermomyotomal origin of the dorsal dermis
The origin of the mediodorsal and dorsolateral trunk dermis has been traced in birds by chick/ quail chimeras, and derives from the somite dermomyotome (Mauger, 1972a) , and more precisely, almost entirely from its medial and at a lesser degree central parts, the lateral part giving rise only to a ribbon of dorsal dermis forming the boundary with the ventral dermis ( 
E5) of incubation in the chick, and days 9.5 (E9.5) and 13 (E13) of gestation in mouse. At E3 in chick (Fig. 4A) , and E9.5 in mouse (Fig.  4B ) in the thoracic region, the somites are differentiated into a ventral part, the sclerotome and a dorsal epithelial part, the dermomyotome, which lies directly under the ectoderm. The space between the two layers is invaded progressively by a fibrous lattice, which also penetrates between the ectoderm and the neural tube in the case of chick embryo. It has been suggested (Weiss, 1958 ) that this fibrous network serves the purpose of providing the incoming mesenchymal cells with a conductive substratum, through a mechanism of contact guidance. In chick, starting by E3, mesodermal cells begin to migrate from the dermomyotome to colonize the subectodermal space over the dorsal neural tube, while in the dorsolateral region, the epithelial structure of the central dermomyotome is transformed into dermal progenitors that are directly under the ectoderm. Until E5, no distinct dermis is recognizable, with the mesodermal cells forming a loose mesenchyme of noticeable thickness between the ectoderm, the neural tube and the differentiating myotome ( Fig.  4C ). By the sixth day, the upper part of this mesenchymal population gives rise to the dense dermis (Fig. 4 E, F) , which by E7/ 7.5 in turn forms the dermal condensations that are involved in the morphogenesis of cutaneous appendages. While the dermis is differentiating, the corresponding ectoderm undergoes its transformation into an epidermis comprising of one layer of columnar cells covered with a well distinguishable periderm that forms a pavement epithelium. The dense dermis initially forms only in the dorsal area which corresponds to the future spinal pteryla. Its formation, as well that of its overlying epidermis, spreads symmetrically on both sides of the mid-dorsal line. It should be noted that the formation of epidermal placodes precedes that of the corresponding dermal condensations by the time taken to develop one row (Sengel and Rusaouïn, 1969; Dhouailly, 1984) . When the first mid-dorsal row of feather primordia is completed, new lateral rows are added successively on both sides, and in order to optimally occupy the space, lead to the formation of an hexagonal micropattern.
In mouse embryo, by contrast, both the formation of the dense dermis and of the primary hair buds appear first laterally, and, only two day later, over the neural tube. This is correlated to the fact, that by E11.5, the mesenchymal cells accumulate between the mediodorsal lip of the dermomyotome and the lateral part of the neural tube (Fig. 4D) . By E13, the dense dermis has formed only in the lateral part of the trunk, while no mesenchymal population is present between the dorsal neural tube and the ectoderm (Fig. 4 G,H). Mouse/chick chimeras were recently performed by orthotopically implanting mouse somites into a chick host (Houzelstein et al., 2000) .
The results show that the predermal mesenchyme is comprised of a first population of dermal cells which originates from the dermomyotome mediodorsal lip, and a second one that delaminates directly from the central dermomyotome.
The interaction events between the dermomyotome and the organ axial structures in chick
In the absence of the neural tube and notochord, the medial somitic cells die, resulting in the absence of the vertebrae, dorsal muscles and ribs (Teillet and Le Douarin, 1983) , and also of the dorsal feather field. Indeed, transverse glabrous bands of In (A) the 3-day chick embryo and (B) the 9.5-day mouse embryo, the dermomyotome (dm) lies directly under the ectoderm (ec). Some isolated cells are probably neural crest cells (nc) originating from the neural tube (nt). In (C) the 4-day chick and (D) the 11.5-day mouse embryos, the formation of a sub-ectodermal mesenchyme occurs. Note their different distribution: over the neural tube in chick and adjacent to it in mouse. In (E,F) the 6-day chick embryo and (G,H) the 13-day mouse embryo, the feather-and hair-forming areas become differentiated. In the chick, a dense dermis (dd) starts to form in the mediodorsal region first, and in the mouse, in contrast, this occurs in the lateral region first. The ectoderm overlying the dense dermis differentiates into an epidermis (ep). Arrow indicates the limit of the dense dermis. Abbreviations: c, cord; d, dermis; ec, ectoderm; ml, middorsal line; ms, muscles; nc, neural crest cells; nt, neural tube; sc, sclerotome. Histology by G. Chevalier, Photographs by I. Olivera-Martinez (chick embryos) and S. Missier (mouse embryos). undifferentiated tegument, comprising an ectoderm that covers a loose mesenchyme were obtained after either localized X-irradiation of a given length of axial organs or their surgical excision (Mauger, 1972b; Olivera-Martinez et al., 2001) . At 11 days, compared to the control (Fig. 5 A,B) , the embryo excised at E2 shows the absence of a true skin and of feathers, as well as of vertebra and of most of the dorsal muscles (Fig. 5 C,D) . In fact, the axial organs exert two different effects on the somite: survival and induction of differentiation. It has been known for a long time (Strauss and Rawles, 1953 ) that the chick somitic mesoderm is already endowed with feather-forming capacities by E2.5, if it is grafted on the chorioallantoic membrane together with its overlying ectoderm. Heterotopic transplantations between two prospective regions of the spinal pteryla demonstrate that not only the differentiated somites but also the presomitic mesoderm are already regionally determined (Mauger, 1972b) . Thus, for instance, when somitic mesoderm from the posterior cervical region was transplanted into the thoracic region, a portion of easily identifiable cervical feather tract developed into the thoracic region on the operated side (Fig. 6A) . Not only is the prospective width and number of feather rows determined in the somitic cells, but also the timing of their growth.
Somatopleural origin of the chick ventral dermis
By heterospecific transplantation experiments between chick and quail embryos it has also been shown that the ventral dermis, as well as the limb dermis, originates from the somatopleural mesoderm (Mauger, 1972a) . The morphogenesis of the ventral integument occurs concomitantly with the lateral expansion of the somatopleure. By E5, the somatopleural mesoderm forms a thick and loose mesenchyme into which myotomal and sclerotomal cells from the somites, which will give rise to the wall striated muscles and to the sternum respectively migrate (Fig. 7A) . By E7, somatopleural mesodermal cells condense under the ectoderm to form a dense dermis which corresponds to the future pectoral pteryla (Fig. 7B) . The ventral pteryla dense dermis forms one day later, at E8. By E9, the first ventral feather primordia, composed of a placode and a dermal condensation, are forming, whereas the midventral apterium embryo (A,B) , the myel-and cord-ectomised embryo (C,D) shows the absence of feather buds (f) and of a dense dermis (d), as well as almost no dorsal muscles (ms) and no vertebra (v) . Note that the scapula (sc) and the scapular pteryla (scp) are brought close to the midline in the absence of axial organs. nt, neural tube. Histology by G. Chevalier, experiments and photographs by I. OliveraMartinez.
normal ventral pteryla by a semi-apterium, and the feathers were arranged either as a single more or less richly populated tuft or formed a central field surrounded by a peripheral field. Supplementary pterylae were also obtained in the amnion and even in the chorionic somatopleure with a living implant of mouse dermis (Dhouailly, 1978) . In the later case, blocks of 12.5-day mouse upper-lip dermis were introduced under the ectoderm of the right extra-embryonic area of 2-to 3-day chick or duck embryos. Two kinds of ectopic cutaneous appendages were produced in the amnion or even in the chorion (Fig. 8 C-E): arrested feathers above the implanted mouse dermis and full-grown feathers made exclusively of avian epidermal and dermal cells. The micropattern at E14 corresponded to the species of the avian host: each main feather, or praepenna, was surrounded respectively by praefiloplumae and mesenchyme remains loose (Fig. 7C) . This midventral subectodermal mesenchyme will progressively accumulate extra-cellular material and become unable to participate to cutaneous appendage morphogenesis (Sengel et al., 1969) . When a piece of somatopleural mesoderm from the prospective region of the midventral apterium is implanted in place of thoracic presomitic mesoderm at E2, a patch of glabrous skin develops inside the territory of the thoracic spinal pteryla (Fig. 6B) (Mauger, 1972a) . At that time, this result was interpreted as a predetermination of the presumptive territory of the midventral apterium.
Changing the avian midventral and even the extraembryonic somatopleure into a feather-bearing skin
Interestingly, experimental manipulation of the distal somatopleure of 2 day chick embryos can lead to the induction of a circular supplementary pteryla in the mid-ventral apterium (Sengel and Kieny, 1967a; Sengel and Kieny, 1967b) . This has been achieved either by implanting a living piece of neural tube or an inert foreign body, such as agar or paraffin, into the presumptive right half territory of the ventral body. The highest percentage of positive results were obtained with neural tube implantation or agar implants impregnated with brain extract. Professeur Sengel and his wife, Dr. Kieny, noted that the implanted pieces caused extensive fusion between the somatopleure and the splanchopleure, and that the bigger the fused mesodermal areas, the higher the frequency of the supplementary feather tracts (from 13% to 49%). The supplementary pterylae were characterized by several typical features in their pattern (Fig. 8 A,B ). They were produced by the right half of the midventral skin, as the implants were done in the right somatopleure at the limit of the embryonic and extraembryonic areas. They were separated from the A C B D Fig. 6 . Origin-specific differentiation of dorsal skin at 11 days in chick embryos, following grafting of ectopic mesoderm at 2 days of incubation. Replacement of thoracic presomitic mesoderm on the right side by (A) cervical presomitic mesoderm and by (B) distal somatopleural mesoderm leads (arrows) to the formation a cervical half tract and the formation of a patch of glabrous skin on the right side of the spinal pteryla (spp) respectively. cp, cervical region of the spinal pteryla. Experiments and photographs by A. Mauger. Fig. 7 . Formation of chick ventral skin. At E5 (A), the somatopleural mesoderm (smp) is still homogeneous, except for the migration of muscle cells (ms) originating from the somites. In 7-day embryo (B), a dense dermis forms in both the presumptive dorsal spinal pteryla (spp) and pectoral pteryla (pp). At 9 days (C), the first feather primordia (fpr) appears in the ventral pteryla (vp). The midventral apterium (mva) extends on each side of the ventral closure (vc). Note that the mesenchyme remains loose in the mva, in contrast with the dense dermis (dd) of the forming feather tracts. Arrow indicates the limit between dorsal and ventral regions. ec, ectoderm; ep, epidermis. Histology by G. Chevalier, photographs by I. Fliniaux.
praeplumulae, in the case of a duck host, or by praefiloplumae alone, in the case of a chick host. The length of the praepennae that had developed from the extra-embryonic somatopleure was equivalent to that of the corresponding feathers of the host. By contrast, the small, arrested, feathers possessed a dermal core formed exclusively of mouse cells, similar to the arrested feathers that were obtained in chick epidermis/ mouse dermis recombinants (Dhouailly, 1973) , and resulted from the messages originating from the mouse dermis. On the other hand, the long feather filaments resulted from an autonomous ability of the extra-embryonic somatopleural mesoderm and ectoderm. The mouse implant caused perturbations of the morphogenetic movements of the expanding somatopleure, as well as its fusion with the splanchnopleure. In all cases that led to the formation of a supplementary pteryla, a connection with the yolk sac was observed, which was stretched and very long in case of the chorion. In spite of this connection, these results were interpreted as implying that the mere densification of the abutting sub-ectodermal mesenchyme above a certain threshold, against the implant, entails the acquisition of feather-forming dermal tract specificity.
Comments involving some recent explanations
The formation of a dense dermis defines the future pteryla and occurs even in the case of the scaleless mutant In amniotes, a constant feature concerning the morphogenesis of cutaneous appendage fields is the formation of a sub-ectodermal dense dermis. This dense dermis covers a loose deeper dermis that will not participate to the formation of cutaneous appendages. By contrast, the dense dermis will be redistributed into dermal condensations overlaid by epidermal placodes ). This step of dense dermis formation, that corresponds to the pteryla determination is also reached by the scaleless mutant (sc/ sc) chick embryos. The scaleless defect, characterized by the absence of scales and the formation of only a few feathers, is determined by the epidermis, while the sc/sc dermis differentiates and functions normally (Goetinck and Abbott, 1963; Sengel and Abbott, 1963; Dhouailly and Sawyer, 1984; Viallet et al., 1998) . In fact, transverse sections of the sc/sc trunk at E6.5/7 cannot be distinguished from those of a wild type embryo: the dense dermis corresponding to the dorsal and ventral pterylae are present, but at E7 the first placodes do not appear. Fgf-2 treatment rescues the mutant phenotype, where the epidermis is deprived of FGF4 expression, and allows the redistribution of the dense dermis in conformity with its regional origin. Scaleless skin explants, treated with an appropriate dose of FGF-2, express different wild phenotypes: feathers arranged in an hexagonal pattern, reticulate A B A C B scales, scutate scales and glabrous epidermis respectively, when they originate from dorsal, plantar, tarsometatarsal and midventral apterium skin .
It should be noted that there is a delayed formation of a dense dermis in the semi-apteria that form between the different pterylae, while a dense dermis never forms in the true apteria, as the midventral apterium. Semi-apteria and apteria thus need absolutely to be distinguished to compare the results of different laboratories. In many recent papers, semi-apteria have been called apteria, which leads to a misinterpretation of the results. The dense dermis of a semi-apteria is able to participate in feather formation, and the formation of supernumerary feathers, added to the normal sparse feathers formed can be easily obtained.
Another point to be discussed is the formation of the semi-apterium itself between the different normal pterylae. This formation appears to result at the intersection between two adjacent waves of feather buds. This type of interaction, and the production of a semiapterium, also occurs when an ectopic pteryla is obtained by an experimentat that initiates a new wave of feather rows. This question will thus be resolved by understanding the molecular basis of the feather waves.
Regional specification of the dermal progenitors
Numerous experiments performed in P. Sengel's laboratory in the seventies showed that the replacement of a piece of somatic mesoderm by one from another level of the cephalo-caudal axis, led to the development of a portion of the spinal pteryla in conformity with the origin of the graft. The non-segmented somitic mesoderm is thus already regionally specified (Mauger, 1972a) . Dr. Kieny and Dr. Weydert tried without success to find what were the different messenger RNAs present in the different somites. We know now that the regionalisation of the somites is based on the expression of different sets of Hox genes, and that these transcription factors are present in a tiny amount. These were discovered at the end of the eighties (among others: Duboule, 1992; Duboule and Dolle, 1989) . For instance, cHoxC-8 is involved in the specification of somitic cells which give rise to the dorsal thoracic dermis by E6 (Kanzler et al., 1997) .
The neural tube and the specification of the dermal progenitors
A question that remained unanswered was the specification of the dermal progenitors from the dermomyotome, and the somatopleure. An intriguing fact was the positive role of the neural tube, not only in the formation of the dorsal pteryla (Mauger, 1972b) , which was easily understandable by the proximity of the two structures, but also in the initiation of supplementary pteryla from the midventral apterium (Sengel and Kieny, 1967a and b) . In the last ten years, many different laboratories have identified different types of diffusible molecules synthesized by the neural tube. Thanks to this the molecular basis of the specification of the dorsal and ventral pterylae has been recently resolved in my laboratory (OliveraMartinez et al., 2001 and 2002; Fliniaux et al., submitted) . Moreover, the mechanisms of formation of a feather-forming dermis appear to be different between the dorsal and ventral sides of the chick embryo, not necessarily in the type of molecules involved, but in their role, the timing of their expression, and in the signaling cascades implicated. We can now therefore offer a better explanation than thirty years ago why a patch of glabrous skin was obtained 
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after the graft of a piece of the presumptive territory of the midventral apterium in place of somites (Mauger 1972a) . In contrast to the previous interpretation, we know at present that the somatopleure, even at its more distal part, is still malleable at E2/ E3 (Fliniaux et al., 2004) . However, when this piece of somatopleure is transplanted close to the neural tube, it does not received the required signals in the correct time. Likewise, the formation of a supplementary pteryla from the somatopleure of the midventral apterium, and even from the extra-embryonic somatopleure, was recently understood. Forty years ago it was noticed the occurrence of merging between the somatopleure and the splanchnopleure in all positive cases. Recent results from my laboratory (Fliniaux et al., 2004) show that the molecular signal which arises from the splanchnopleure is not in fact irrelevant for the increase in mesodermal cell density. This fact was already noted, but previously explained only by a mechanical point of view. Moreover, the formation of feathers by the extra-embryonic somatopleure demonstrates also that feather morphogenesis is the basic program for avian ectoderm. Morphogenesis of scales requires some additional modifications mostly to prevent their growth (Kanzler et al., 1997 , and see Prin et al., 2004) .
Finally, most experiments were done in chick embryo. Thus defining the precise origin and the migratory behavior of the somitic and splanchnopleural derived dermis still remains an open issue in the mouse, one which cannot be easily resolved by mouse/chick chimeras.
